1. Metabolic syndrome {#s0005}
=====================

Metabolic syndrome is a multifactorial pathological condition characterized by the presence of any three of the following five risk factors: hyperglycemia, hypertension, hypertriglyceridemia, low level of high-density lipoprotein (HDL)-cholesterol, and an enlarged waist circumference [@bib1]. Patients with metabolic syndrome manifest a prothrombotic and a proinflammatory state. In addition, they have an elevated risk of developing cardiovascular diseases, type 2 diabetes mellitus and some type of neoplasia. In this review, the association between metabolic syndrome and cancer will be treated in relation to xanthine oxidoreductase (XOR) activity and products.

The metabolic syndrome is worldwide distributed, mostly in relation to ageing and obesity, and is typified by insulin resistance and lipolysis. The pathogenesis of insulin resistance may have a genetic component, which manifests itself during ageing through the reduction of glucose uptake by adipose tissue and muscle, thereby resulting in hyperglycemia. In addition, insulin-resistant adipocytes liberate free fatty acids in blood. Also, obese adipose tissue, especially in visceral obesity induced by a sedentary lifestyle, releases an exceeding amount of free fatty acids into circulation, as a consequence of the altered level of adipokines, namely increased resistin and decreased adiponectin production. This derangement of adipokine balance is responsible not only of lipolysis but also of insulin resistance, as well as increased production of angiotensinogen and inflammatory cytokines, thus altering the metabolism of liver and kidney and inducing the endothelial dysfunction (reviewed in [@bib2]).

The accumulation of free fatty acids in liver generates the hypertriglyceridemia that is associated to a decreased cholesterol content in HDL and contributes to hyperglycemia by favoring the gluconeogenesis. Lipolysis and insulin resistance also reduce the muscle utilization of glucose, thus contributing to hyperglycemia and promoting hyperinsulinemia.

Obese adipocytes can elicit hypertension through several mechanisms: i) by inducing the hyperinsulinemia that causes an increased kidney reabsorption of sodium and urate, ii) by increasing the release of angiotensinogen with consequent up-regulation of renin/angiotensin pathway, iii) by the production of inflammatory cytokines determining endothelial dysfunction and oxidative stress with consequent impaired nitric oxide (NO)-dependent vasodilation (reviewed in [@bib3], [@bib4]).

2. Xanthine oxidoreductase activities and products {#s0010}
==================================================

XOR belongs to a family of metalloflavoenzymes, which is widely distributed from prokaryotic organisms to humans, and it is possibly derived from a common ancestral XOR-coding gene system (reviewed in [@bib5]). In lower organisms, the enzyme has only dehydrogenase activity, whereas in mammals the enzyme has two interchangeable activities: xanthine dehydrogenase (XDH, EC 1.17.1.4) and xanthine oxidase (XO, EC 1.17.3.2). XDH is the native form, mostly present inside the cell, and can be converted to XO by oxidation of sulfhydryl groups or limited proteolysis. XO is the form prevailing in biological fluids, such as milk and plasma (reviewed in [@bib6]). The transition from XDH to XO includes an intermediate XOR form with both the NAD^+^-dependent dehydrogenase and the O~2~-dependent oxidase activities [@bib7]. XOR may produce reactive oxygen species (ROS), in particular hydrogen peroxide and superoxide anion, which, in the presence of transition metals, may generate the highly cytotoxic hydroxyl radical through the Haber-Weiss and Fenton reactions. Thus, the phylogenetic evolution empowered XOR to produce oxidant species that influence the redox equilibrium and are implicated in many biological processes, including inflammation, cell proliferation and neoplastic transformation (reviewed in [@bib8]).

In uricothelic primates, the last two steps of purine catabolism are catalyzed by XOR that has a rate-limiting effect on the recovery of nucleotides by precluding the purine salvage pathway (reviewed in [@bib9]). XOR may also have nicotinamide adenine dinucleotide (NADH) oxidase and nitrate reductase activities, especially in conditions of low pH and hypoxia, thus generating superoxide anion and NO, respectively (reviewed in [@bib10]). In addition, XOR is able to act on a variety of substrates. The broad substrate specificity and different catalytic activities of XOR justify its wide capability of metabolize both endogenous and xenobiotic compounds, such as drugs (reviewed in [@bib11]).

The molecular structure of XOR protein is homodimeric and each monomer has three domains, which are characterized by a different cofactor. The C-terminal domain has a molybdenum-containing molybdopterin cofactor (Moco), the intermediate one has a flavin adenine dinucleotide (FAD) cofactor, and the N-terminal one has two unequal iron-sulfur redox clusters, of approximately 85, 40 and 20 kDa, respectively. During catalysis, the electrons are transferred from Moco to FAD by the ferredoxin centers (reviewed in [@bib5]).

The transcription of human XOR gene is down-regulated in most cell types with the exclusion of the epithelial cells of gastrointestinal tract, kidney, liver and lactating breast. Various cytokines, growth factors, hormones and also low oxygen tension can increase XOR expression (reviewed in [@bib12]). The post-translational modulation may give rise to XOR demolybdo-and/or desulfo-forms, which are inactive in purine oxidative hydroxylation and nitrate reductase activities, because of the Moco site blockage, although the NADH oxidase activity at the FAD site is retained. Similarly, the production of oxidant species at the FAD site is not lost when competitive, such as allopurinol, or non-competitive XOR inhibitors, such as febuxostat, inactivate Moco site (reviewed in [@bib6]).

Through the generation of ROS and NO, XOR activity may contribute to the formation of reactive nitrogen species (RNS), which are essential to the anti-bacterial defenses during phagocytosis. However, XOR-derived ROS and RNS may result harmful in various pathological conditions such as during the ischemia/reperfusion injury (reviewed in [@bib13]). XOR released from dead cells may be delivered into circulation and adhere to the endothelial binding sites of heparin. ROS, RNS and uric acid produced by endothelium-linked XOR contribute to the physiological modulation of arteriolar tone, although, an exceeding amount of them may be responsible of the endothelial dysfunction that is at the basis of atherosclerosis and related cardiovascular diseases (reviewed in [@bib14], [@bib15]).

The different XOR catalytic activities and their main functions are summarized in [Fig. 1](#f0005){ref-type="fig"}.Fig. 1XOR catalytic activities and their main functions. In all cells, the expression of XOR gene generates XDH with the housekeeping role of purine catabolism. Liver cells utilize XDH, XO and nitrate reductase activities of XOR as well for the metabolism of other endogenous and exogenous substrates, including some drugs. XO derives from a partial oxidation of the enzymatic molecule that, in mammals, has acquired the ability to produce hydrogen peroxide and superoxide ion. ROS generation by XO enables part of the XOR pro-phlogistic and redox signaling functions, which in addition depend on the production of superoxide ion and NO by NADH oxidase and nitrate reductase activities of XOR, respectively, particularly in endothelial cells. ROS and RNS are essentials for the innate immunity and NO have also the role of regulating the arteriolar tone.Fig. 1

3. Involvement of xanthine oxidoreductase in metabolic syndrome {#s0015}
===============================================================

In various animal models, XOR inhibition with either allopurinol or febuxostat reduced hypertension, insulin resistance and production of pro-phlogistic cytokines by macrophages, suggesting that XOR activity is implicated in the pathogenesis of metabolic syndrome [@bib16], [@bib17], [@bib18], [@bib19]. In rat and mouse models of diet-induced obesity, XOR activity was higher in adipose tissue of obese animals than in controls and it has been implicated in the development of metabolic alterations characteristic of metabolic syndrome. The increased XOR activity may favor the purine catabolism with consequent overproduction of uric acid [@bib20] as well as ROS, which may drive to endothelial dysfunction and be responsible of reduced NO-dependent arteriolar dilation [@bib21].

Hyperuricemia is not one of the diagnostic criteria used to identify metabolic syndrome, although it is often associated with this pathological condition [@bib22], as well as with type 2 diabetes (reviewed in [@bib23]) and obesity (reviewed in [@bib24]). In fact, hyperuricemia may contribute to the development of visceral obesity and hypertriglyceridemia, as well as of insulin resistance, hyperinsulinemia and hyperglycemia, thus contributing to the pathogenesis of metabolic syndrome (reviewed in [@bib25]). Moreover, hyperuricemia may induce hypertension by up-regulating the renin/angiotensin pathway, increasing the cyclooxygenase-2 (COX-2) expression, promoting the migration and proliferation of vascular myocytes and reducing the availability of NO. Uric acid and uric acid-derived free radicals have also a pro-inflammatory action by inducing the production of macrophage cytokines and by activating platelets (reviewed in [@bib25]). Because of these pro-hypertensive and pro-phlogistic activities, hyperuricemia represents an independent risk factor with an unfavorable prognostic significance for cardiovascular diseases [@bib26]. Accordingly, the beneficial effect of XOR inhibition has been suggested in patients with cardiovascular diseases (reviewed in [@bib27]).

Many clinical evidences underline the link between XOR activity, obesity and insulin resistance. XOR plasmatic activity was higher in obese than in normal weight children and positively correlated with body mass index, waist circumference and oxidized low-density lipoprotein (LDL), whereas it negatively correlated with HDL-cholesterol and adiponectin [@bib28]. Moreover, in adolescents with severe obesity weight loss caused a decrease of plasma XOR activity, although without affecting uricemia and blood pressure [@bib29]. Furthermore, the serum level of XOR activity was significantly higher in diabetic than in control subjects and directly correlated with body mass index and serum level of glycated hemoglobin [@bib30]. In addition, in healthy volunteers, the plasma level of XOR activity positively correlated with body mass index, insulin resistance and subclinical inflammation, whereas it negatively correlated to adiponectin level [@bib31].

By inhibiting XOR activity with allopurinol, the control of hyperuricemia reduced systemic inflammation and insulin resistance in asymptomatic patients [@bib32]. A positive correlation has been reported between the serum levels of XOR and C-reactive protein, glycemia, insulinemia, insulin resistance index, and triglyceride/HDL-cholesterol ratio in women with polycystic ovary syndrome that is often associated to metabolic syndrome [@bib33]. The plasma level of XOR activity significantly correlated to body mass index, left ventricular ejection fraction and hypertrophy as well as to the level of glycated hemoglobin and aminotransferases in patients with cardiac diseases [@bib34].

Despite the lack of evidence of a direct role of XOR and uric acid in the pathogenesis of visceral obesity, all the above reported results suggest the correlation between the metabolic syndrome and the serum level of XOR and uric acid, at least in some circumstances (as discussed in [@bib25]).

The negative consequences of increased XOR activity and exceeding production of uric acid, ROS/RNS and NO are listed in [Fig. 2](#f0010){ref-type="fig"}.Fig. 2Consequences of exceeding XOR activity. Increased XOR activity may have different consequences depending on the products of the reaction. An excessive purine catabolism may result in local accumulation of uric acid and inflammation or even hyperuricemia, which favors hypertension and a series of derangements in lipidic and glycidic metabolism that may include visceral obesity. In the presence of low pH and low oxygen tension, XOR may produce NO and superoxide ion, with consequent generation of RNS. NO promotes oxidative stress, inflammation and leukocyte activation. In addition, its action includes angiogenesis, cell proliferation and migration. A high level of ROS/RNS induces oxidative stress, inflammation and even endothelial dysfunction. They also mediated various effects on cells including a cytotoxic action, adipogenesis, angiogenesis and mutagenesis.Fig. 2

4. Metabolic syndrome and cancer {#s0020}
================================

The association between metabolic syndrome and cancer has been the object of various reviews taking in consideration the researches of the last two decades. Several evidences relate the high incidence of cancer in metabolic syndrome to an over activation of the hypothalamus-pituitary-adrenal axis leading to hypercortisolemia and immune suppression, which may favor tumorigenesis and chronic inflammation (reviewed in [@bib35]).

The main actor in metabolic syndrome physiopathology is the adipose tissue, particularly in visceral deposits. The altered production of adipokines, cytokines and hormones, such as adiponectin, leptin, tumor necrosis factor-alfa, interleukin-6, sex hormones and insulin creates a pro-tumorigenic environment resulting in increased tumor progression and reduced patient survival (reviewed in [@bib36]). An unbalanced production of adipokines can induce insulin resistance and hyperinsulinemia, which promote cellular growth by activating the insulin growth factors pathway, and may lead to reduced apoptosis by inhibiting the Bcl-2-associated death promoter pathway. Adipokines may also be responsible for a chronic inflammatory condition that favors cell proliferation and angiogenesis by activation of transcription factors, such as hypoxia-inducible factor-1-alfa and nuclear factor kappa-light-chain-enhancer of activated B cells, and nuclear receptors of the peroxisome proliferator-activated receptors family (reviewed in [@bib37]).

Hyperglycemia and dyslipidemia may play a role both in tumor initiation and progression through the production of ROS that results in mutagenesis and carcinogenesis. In addition, the hyperinsulinemia consequent to obesity and insulin resistance leads to cell proliferation (reviewed in [@bib38]). Furthermore, visceral adipose tissue is infiltrated with CD8+ T lymphocytes, natural killer cells and macrophages. These cells are responsible for the production of inflammatory cytokines and contribute to the induction of non-alcoholic steatohepatitis together with liver accumulation of free fatty acids released from adipocytes into portal vein. The chronic liver inflammation causes oxidative stress, increased cell death and regeneration leading to cirrhosis and hepatocarcinoma (reviewed in [@bib39]).

In metabolic syndrome, a high amount of estrogens has been often reported, due to aromatase overexpression by adipocytes in visceral obesity, which has been included among the preventable causes of breast and colon cancers. In breast cancer, the altered adiponectin/leptin ratio induces an increased level of systemic and local estrogens, as well as the hyper-production of insulin and insulin-like growth factor-1 and the development of chronic inflammation (reviewed in [@bib40]). Adipose tissue expansion in obesity can produce local hypoxia that contributes to the chronic inflammatory state with macrophages recruitment and tumor necrosis factor alpha hyper-production. Moreover, visceral obesity is associated to leptin overexpression that increases the risk of several malignancies, including colon cancer, by promoting tumor growth and progression (reviewed in [@bib41]).

The mechanisms linking metabolic syndrome and cancer are described in [Fig. 3](#f0015){ref-type="fig"}.Fig. 3Metabolic syndrome-related cancer risk. The reduced adiponectin availability abolish its anti-inflammatory and anti-proliferative actions due to the inhibition of NF-κB. The increased leptin availability together with T-cell accumulation and macrophage recruitment in adipose tissue contribute to the upregulation of TNF-α and IL-6. These cytokines have a pro-inflammatory action, promote angiogenesis and are associated with insulin resistance. Adipose tissue inflammation is responsible for increased aromatase activity and estrogens production that favor cell proliferation. Insulin resistance favors a hyper-production of insulin and IGF-1, which inhibit apoptosis, support cell proliferation and VEGF release, as well as HIF-1α activation. In turn, HIF-1α assures cell surviving and promotes angiogenesis.Fig. 3

5. Role of xanthine oxidoreductase in cancer risk associated to metabolic syndrome {#s0025}
==================================================================================

Through prospective cohort studies and related meta-analyses, metabolic syndrome has been significantly associated with various malignancies, in particular with breast postmenopausal, colorectal, endometrial, pancreas and rectal cancers in woman and with bladder, colorectal and liver cancers in man (reviewed in [@bib42]).

Colon cancer has a multifactorial etiology including dietary factors, genetic predisposition, microbiota alteration, obesity and chronic inflammation, such as inflammatory bowel disease. However, the neoplastic transformation is often induced by oxidative and nitrosative stress, in part derived from XOR activity (reviewed in [@bib43]).

In susceptible subjects, the adverse outcomes of an unhealthy diet that leads to obesity may include increased risk of cancer, in addition to metabolic alterations, according to the common soil hypothesis. This theory is based on the assumption that low-grade inflammation and oxidative stress may derive from the diet, when it is hypercaloric and consists in ultra-processed food, rich of fat and poor in fiber (reviewed in [@bib44]). As a demonstration of the accuracy of this supposition, the introduction of a healthy diet is accompanied by a reduction in both the risk of metabolic syndrome onset and cancer-related mortality (reviewed in [@bib45]).

The well-known radical scavenging action of circulating uric acid brings down neoplastic transformation, thus it has been correlated to a reduced cancer risk, at least when uricemia is in the normal range (reviewed in [@bib12]). However, hyperuricemia is associated to an increased cancer risk and may represent one of the factors linking diabetes, metabolic syndrome and obesity to chronic inflammation and cancer. Hyperuricemia can increase the intracellular concentration of uric acid, which reacting with ROS, NO and RNS can be responsible of oxidant and pro-inflammatory activity with consequent cell transformation. In transformed cells, an excessive intracellular concentration of uric acid promotes the downregulation of XOR expression, thus increasing the purine salvage pathway, in turn supporting cell proliferation. In addition, reduced XOR expression is associated with poor cell differentiation, increased aggressiveness and metastatic ability of breast cancer by inducing the expression of COX-2 and matrix metalloprotease (reviewed in [@bib46]).

As outlined above, XOR expression increases in breast epithelial cells during lactation, whereas aggressive breast cancer is characterized by a downregulation of XOR expression [@bib47]. In premenopausal women, hormonal mechanisms have been postulated to explain the well-known protective effect of breast-feeding against breast cancer [@bib48], although its biology still remain unclear [@bib49]. Thus, the increased expression of XOR in mammary cell during lactation could be hypothesized as one of the reasons for the protection given by breast-feeding against cancer.

Even in other tissues expressing XOR at high level, XOR activity correlates to tumor prevention, because it favors cell differentiation and suppress angiogenesis by increasing the expression of genes with anti-proliferative and anti-cancer activity. Already in the 70\'s it was demonstrated that XOR was downregulated in hepatocellular cancer whereas it was expressed normally in hyperplastic liver tissue [@bib50], [@bib51]. Accordingly, a decreased XOR expression was reported during the development and progression of cancer, also in breast, gastrointestinal and kidney tissue (reviewed in [@bib12]). XOR downregulation results favorable to cancer cell migration and invasion, because it is associated to an increased expression of genes activating transforming growth factor-β and inducing the epithelial-mesenchymal transition (EMT) [@bib52].

[Fig. 4](#f0020){ref-type="fig"} describes the converging effects of both obesity and XOR activity on tumor initiation and progression, as a result of chronic inflammation and oxidative stress.Fig. 4Tumor initiation and progression induced by obesity and XOR. The initial neoplastic transformation is favored by the oxidative stress that is associated with fatness or can be elicited by oxidant products of XOR activity. Tumor progression toward malignity in visceral obesity is sustained by the altered adipokine balance, resulting in increased insulin and sex hormone production that promote cell proliferation. The latter can be boosted by reduced XOR expression, which can be caused by increased intracellular concentration of uric acid, since XOR activity has a limiting role on the purine salvage pathway that in turn helps the synthesis of nucleic acids. Chronic inflammation is responsible for angiogenesis and can be the consequence of either enhanced production of pro-phlogistic cytokines by the exceeding adipose tissue or the pro-inflammatory action of uric acid and ROS/RNS generated by XOR activity. Eventually, the formation of metastasis is fostered by the activation of HIF-1α and NF-κB and the PPAR family during inflammation as well as by the increased expression of MMP, COX-2, EMT genes and TGF-β as a consequence of XOR downregulation.Fig. 4

6. Conclusions {#s0030}
==============

The XOR catalyzes the last two steps of purine catabolism in uricothelic primates. During phylogenesis, mammalian XOR acquired the ability of producing ROS that influence the redox equilibrium and are implicated in many biological processes, including inflammation, cell proliferation and neoplastic transformation. In addition, XOR activity modulates NO availability, essential for endothelial function and vascular tone, and XOR expression controls the activation of genes involved in adipogenesis, differentiation and EMT. Hence, no surprise that XOR is called into question about both the metabolic syndrome and cancer. In addition, the final product of XOR catalysis is uric acid, which has an anti-oxidant activity in plasma, but may have an intracellular pro-oxidant activity. Hyperuricemia may contribute to the development of hypertension, visceral obesity, hypertriglyceridemia, insulin resistance, hyperinsulinemia and hyperglycemia, thus contributing to the pathogenesis of metabolic syndrome.

The incidence of metabolic syndrome is increasing, not only for the lengthening of life, but possibly also because of the diffusion of industrial food together with the reduction of physical activity, which favor the development of cardiovascular diseases, type 2 diabetes and cancer. Metabolic syndrome and cancer have in common chronic inflammation and oxidative stress, which are constantly associated to metabolic alterations and are a suitable soil for the initiation and progression of neoplasia. XOR and its products can induce both inflammation and oxidative stress, thus justifying XOR implication in the development of either metabolic syndrome or cancer. XOR activity can be pharmacologically inhibited by authorized drugs. However, it must be considered that XOR inhibition could have adverse effects by reducing cell differentiation and favoring EMT, angiogenesis and metastatic process. For this reason, at the moment, the only recommended use of XOR inhibitors concerns symptomatic hyperuricaemia.
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